Abstract Reconstruction of disturbed watersheds is a common practice by the oil sands industry in northern Alberta, Canada. The reconstruction and restoration of the watershed hydrology are required as part of the reclamation mandated by Alberta Environment for mine closure. Assessment of the hydrological performance of the reconstructed watersheds is essential to ensure a sustainable reclamation strategy. A conceptual lumped system dynamics watershed (SDW) model is developed and calibrated in this study. The model, built within an object-based simulation environment, is capable of simulating the various hydrological processes in the reconstructed watersheds with good accuracy. STELLA Software is used as an object-based simulation environment that allows visual computations. The SDW model developed combines both physically-based and empirical formulations to replicate the hydrological system mathematically. The system dynamics approach along with the visual simulation environment help in developing a simulation-for-learning model, not only simulation for prediction. The model is successfully calibrated and validated; the results show that the SDW model is capable of simulating the various hydrological processes (soil moisture, evapotranspiration and runoff) with good accuracy. The SDW model can help in the assessment of the short-and long-term performances of the reconstructed watersheds, thus providing a useful decision-aid tool for the mining industry.
INTRODUCTION
In the oil sands mines of northern Alberta, Canada, oil sands are extracted from large open pits extending to nearly 100 m in depth and covering many square kilometres. The end result is disturbance of the natural environment over more than 100 km 2 for any individual mine site (Leskiw, 2004) . Reclamation in these cases requires that entire landforms and drainage systems be reconstructed from the mine overburden and that soil covers that replicate the performance of the natural A (usually dark coloured surface), B (brown moderately permeable) and C (leached slowly permeable glacial till) soil horizons be layered over these landforms (Kelln et al., 2006) . The oil sands industry is committed to restoring functioning landscapes by designing reclaimed watersheds to restore the various functions of natural watersheds such as habitat function (hosting aquatic ecosystems), production function (e.g. biomass), and carrier function (for dissolved and suspended materials). The carrier function plays a central role in land degradation processes, such as erosion, sedimentation and the leaching of salts by moving surface and subsurface water (Falkenmark, 1997) . The restoration of these functions relies first and foremost on the restoration of functioning hydrological systems, a central feature of which is sufficient water to sustain revegetation efforts.
The mining of oil sands by Syncrude Canada Ltd at Mildred Lake near Fort McMurray, Alberta, involves the stripping of the saline/sodic overburden to gain access to the oil-bearing formation. The overburden has been placed in large mined-out pits and surface dumps and has been re-contoured before being capped with a mandated 1 m soil cover (Boese, 2003; . The potential for slope instability, subsidence and salinization, resulting from the character of the saline/sodic material and its interaction with freshwater, make it imperative that the amount of precipitation percolating below the root zone be minimized (Barbour et al., 2001) , while also maintaining adequate amounts of interflow to leach excess salt accumulating within the root zone.
The interrelationships among different variables and hydrological processes in reconstructed watersheds define the watershed response and develop a closed-loop network that tends to mimic natural watersheds. During the initial stages of development of the watershed, soil moisture in the upper layers of soil plays a greater role in vegetation growth, but as the watershed matures, runoff and lateral flow may dominate . This process can be further complicated by time and scale factors. A simulation model that captures the short-term behaviour of the reconstructed watersheds and that has the potential to predict the long-term hydrological performance is essential for the mining industry. The watershed simulation model can maximize the benefits gained from the monitoring programme and allow for testing different scenarios that help direct the design of the reclamation landscape and further monitoring (Elshorbagy, 2006) .
Understanding the hydrological performance of the reconstructed watersheds is of utmost importance to the mining industry, because it helps optimize the design of the reclamation strategies and, potentially, will save millions of dollars for the mining industry. It is also of interest to the scientific community, because such a modelling exercise can be extended to a comparison between reconstructed and natural watersheds. This comparison could shed some light on the dominating hydrological processes in reconstructed watersheds. The criteria for assessing reconstructed watersheds have been highlighted by Qualizza et al. (2004) , whereas the concept of "moisture store and release" or evapotranspiration of soil covers for landfill or mine waste cover have been discussed by Albright et al. (2004) , Hauser et al. (2001) and Khire et al. (1997 Khire et al. ( , 2000 . Other issues related to reconstructed watersheds, such as preferential flow, have been tackled by Barbour et al. (2004) .
The fact that reconstructed watersheds are designed using various soil types and consist of various soil layers of different depths make their hydrological behaviour unpredictable. The unpredictable behaviour of recently restored or reconstructed watersheds makes it extremely difficult to develop a generic model that can handle various landforms, soil types and climatic conditions. It is more reasonable to start with a site-specific watershed model where an extensive monitoring programme is already underway in order to facilitate model development, calibration and validation. At a later stage, the model can be expanded to handle various conditions. The aim of this paper is to develop a watershed model that is both comprehensive enough to account for the essential hydrological processes occurring in restored watersheds, and simple enough to be adopted, used and, if necessary, modified by the mining industry. During the process of model conceptualization, formulation and calibration, the model is built with the philosophy of simulation-for-learning, rather than just simulation for prediction, kept in mind. Therefore, a flexible and easy-toexpand modelling tool is required for the task under consideration. Hydroinformatics can play a vital role in fulfilling such a task by providing a visual easy-to-use simulation environment. The remainder of this paper is organized as follows: The next section summarizes past efforts made to develop watershed models and the need for a different modelling approach. The following section presents the system dynamics approach, while the case study used is presented thereafter. The following two sections are devoted to the conceptualization and the development of the system dynamics model for reconstructed watersheds. The application of the developed model and the simulation results follow the model development section. Finally, a discussion of the main findings and the conclusions drawn are provided.
WATERSHED MODELLING
In the field of watershed hydrology, the number of available watershed models (Singh, 1995; Singh & Frevert, 2002a,b) is more than could possibly be gathered in a single all-inclusive publication. Why hydrologists have needed so many models is an interesting question that has many possible answers. Elshorbagy (2006) has addressed this problem and highlighted that the most significant reason is a conviction by the model developer that available models do not satisfy the conditions of the situation at hand, and therefore that situation requires a new model.
As Schaake (2002) noted, the exercise of modelling is both the art and the science of applying a limited and imperfect understanding of the "real" world. Such an understanding requires knowledge of the physics of hydrological processes at different spatial and temporal scales, soils, vegetation, topography, and water-and energyforcing variables. These time-and-location varying requirements should be the only acceptable motives for developing new models. Calibration and assessment of model performance are two of the most cumbersome processes involved in watershed model development. These two processes require extensive instrumentation and a monitoring programme to provide the necessary data. In order to go beyond rainfall-runoff modelling and to reduce the parameter uncertainty, the calibration of the developed model should be based on all the simulated processes (Wooldridge et al., 2003; -not just on the runoff.
The literature reveals that most reconstructed watershed modelling has been done from a geotechnical engineering point of view, where emphasis has been given to the modelling of the individual components of the hydrological cycle. Wilson et al. (1996) studied the effect of soil suction on evaporation from layered soil covers, whereas Bruch (1993) used the SWIM (Soil Water Infiltration and Movement; CSIRO, 1990) model for the analysis of evaporative fluxes from the various layers in reconstructed watersheds. Yanful et al. (2003) used a one-dimensional finite element model called SoilCover (Mend, 1993) to evaluate evapotranspiration in reconstructed watersheds. Woyshner & Yanful (1995) used two models, HELP and SEEP/W, for simulating percolation through soil covers.
An example of a good modelling approach is one recommended by Chapra (2003) , namely "an adaptive approach starting with simpler models at the initial phases and then progressing to more complex frameworks as additional data are collected". There is, however, a strong need to explore simulation tools that can represent the complex systems in a realistic way and that enable water resources managers and operators to be involved in model development and thereby to increase their confidence in the modelling process.
What is currently needed is a modelling approach that enables description of the watershed in a simple fashion. Such a model should start simple and be expandable; should simulate both linear and nonlinear processes; should provide a way to represent the feedback mechanism; and should have the ability to model human intervention and test various climatic or policy scenarios for better decision making (Singh, 1995; Elshorbagy & Ormsbee, 2005) . Although embodying all these characteristics in one modelling approach might appear difficult, the emergence of system dynamics modelling within an object-based simulation environment has made this approach possible. In this paper, an object-based simulation environment that adopts the system dynamics modelling approach (OB-SD) is utilized.
SYSTEM DYNAMICS AND THE VISUAL SIMULATION ENVIRONMENT
System dynamics (SD) can be defined as a way of thinking of a system as a web of interconnected pathways that affect fixed quantities of the system over time (Ford, 1999; Deaton & Winebrake, 2000) . System dynamics works on a feedback principle, which requires an exchange of information between the various components of the system. In other words, SD is a way to conceptualize the physical world in terms of the interconnection of various elements.
Systems comprise certain elements, and stocks and flows are the building blocks (objects) of an SD model. A simple illustration of stocks and flows is the accumulation of interest in a bank account or inflow of water into a reservoir. There are also converters that can represent any variable as a function of time or any input value or parameter.
Feedback principles require an exchange of information among various components of the system, and therefore determine the overall behaviour of the system and provide a simple solution to complex nonlinear problems (Li & Simonovic, 2002) . The simulation of the system over time helps in understanding the system and its boundaries, identifying the key variables, representing the physical processes or variables through mathematical or logical relationships, and mapping the structure of the model. The use of the term feedback in SD covers any process in which the state of a system influences action, which in turn affects the system and thereby affects further action. The cause-and-effect in feedback loops always runs from a stock to a flow and then back to a stock again. The feedback loops can be considered to be the most fundamental decision-making structural feature of a system (Forrester, 1980a) . When deviations occur, feedback relationships first inspire and then direct corrective actions that bring conditions back into line. An example of feedback in watershed hydrology is having the soil surface saturate, which affects the amount of water able to infiltrate into the soil. This simple conceptualization has been shown to make SD an effective tool for understanding and teaching watershed hydrology (Elshorbagy, 2005) .
Models developed using SD should be calibrated and validated in ways similar to those applied in any other modelling approach. The governing equations are represented by finite difference expressions used for modelling different elements in a system, and are solved using standard numerical schemes (Ford, 1999) . For example, in the case of a stock, a continuity equation for mass balance is developed considering the inflows and the outflows, whereas a converter carries a functional relationship between different variables that can be represented in a mathematical or a graphical form. Understanding the concepts of SD and the way they work is rather difficult unless it is presented within a simulation environment. In this paper, an object-based simulation environment, namely STELLA software (HPS, 2001) , is used as a sophisticated tool to model the watershed as a dynamic system.
The SD approach differs from traditional hydrological modelling in three aspects. First, the object-based simulation makes the links (including feedback loops) among the various components of the system both visual and explicit (Fig. 1) the process of verifying individual components and subsystems, and ensures that all links are reasonable and logical. Second, the SD approach allows for constructing a conceptual model that combines process-based and empirical or even qualitative formulations. Using this approach, it is possible to incorporate a qualitative relationship based on a tentative knowledge of the relationship between two parameters. Simulations can be executed and subsequent modifications of the relationships made until the expected behaviour of the system is achieved. Third, dynamic (time-varying) coefficients and system parameters can be easily employed in the SD approach to ensure tracing the system evolution in time. As Loague & VanderKwaak (2004) noted, one of the biggest yet ignored obstacles in effectively exciting a physics-based model is the assumption of time invariance for system parameters. For example, the saturated hydraulic conductivity can be considered to change with time; it does not have to be a single-valued coefficient. Moreover, use of the SD approach enables other important issues such as equifinality (Beven & Freer, 2001 ) to be easily investigated. The visibility of the structures of components, links, and feedback (see Fig. 1 ) facilitates the task of changing links (and therefore the model structure) in a search for the different sets of model structures that lead to reproducing the observed behaviour of that system. By visually browsing the structure, one can exclude the physically unrealistic structures (even those leading to acceptable results). A similar approach could be taken when evaluating different sets of parameters within a single model structure. Such a browsing and elimination process within a visual environment is highly useful in learning about the possible existence of counter-intuitive processes in a natural system, and in understanding the system as a whole. Klemes (1997) noted that a good model should promote system understanding.
Apart from application in predicting floods in two prairie watersheds (Li & Simonovic, 2002 ) and a tentative restored watershed model , the use of the SD modelling approach to watershed modelling is extremely limited in the literature. However, other water resources applications using SD have been reported. Some key examples are water management practices (Stave, 2003) , and ecological modelling (Voinov et al., 2004) .
CASE STUDY
Syncrude Canada Ltd is conducting large-scale soil cover experiments at the Mildred Lake mine, northern Alberta, Canada, in order to assess the performance of different reclamation strategies. In 1999, three one-hectare prototype covers were placed on an area referred to as the South Hills Overburden (Fig. 2 ) in order to study the basic mechanisms controlling moisture movement within the cover systems. Three covers were constructed, with thicknesses of 1.0 m, 0.50 m and 0.35 m, comprised of thin layers of peat (15-20 cm) overlying varying thicknesses of secondary (till) soil. A comprehensive field instrumentation programme was, and is, carried out, consisting of detailed monitoring of matric suction (twice a day), volumetric water content (twice a day) and temperature (hourly) within the different soil profiles, as well as measuring of surface runoff (continuous measurements), interflow (intermittent), and site-specific meteorological conditions (hourly). All variable measurements are available for the period 1999-2005. More details on the field instrumentation programme and data collected can be found in Boese (2003); . Each one of the 
MODEL CONCEPTUALIZATION
The lumped modelling approach has a long history in hydrological modelling. The foremost advantage of lumped models is their computational efficiency (Huggins, 1982) . The model developed in this research is a lumped model that can be conceptualized in terms of a control volume as shown in Fig. 3 . The control volume diagram illustrates all physical processes that are simulated by the model. The system dynamics watershed (SDW) model developed makes optimum use of the extensive monitoring programme established for the study site and uses climatic and hydrological factors to evaluate the hydrological processes. The simulation of the daily water balance is conducted using four storages representing: (1) surface water, (2) peat layer, (3) till layer, and (4) shale layer. Canopy storage is not considered because the sparse and short type of vegetation that is dominant in the watershed under study is not considered to be intercepting significant amounts of precipitation. However, canopy interception will increase over time and should be considered for any future extension of the present work. Climatological factors (especially temperature) determine the rate of snowmelt. Rainfall and snowmelt constitute the water available for infiltration and overland flow. This storage is called surface water storage and is a virtual storage used for modelling purposes only. Water from this storage will either infiltrate into the peat layer storage or will be routed as overland flow. Soil moisture affects the amount of infiltrating water. The difference between the amount of water available in the surface water storage and infiltrating water will comprise overland flow, which discharges to a channel and can be represented in the model as channel storage. Evapotranspiration, interflow, and further downward movement to the till layer are losses from the peat storage . Evapotranspiration is dependent on moisture and weather conditions. Interflow is a function of the horizontal hydraulic conductivity, water content, and soil temperature. Downward water movement into the till layer is dependent on soil temperature, water content within the peat and till layers, and the hydraulic properties of the till layer. Till storage receives water from the peat layer. Losses from the till storage include evapotranspiration, interflow, and percolation to the shale layer (storage). Factors affecting losses from the till storage are similar to those mentioned for the peat storage. In this study, no interflow or base flow from the shale is assumed to be contributing water to the channel. The control volume shown in Fig. 3 also indicates the possibility for a groundwater modelling component in the SDW model; however, such modelling is not a part of this study.
Model realization in system dynamics: causal-loop diagram
The dynamics (dynamic hypothesis) of the watershed under consideration is sketched as a causal-loop diagram as shown in Fig. 4 . External and internal conditions in the watershed influence the various hydrological processes. There are eight feedback loops that govern the entire water-balance system. Figure 4 shows that precipitation in the form of rainfall and snowmelt enters the system and gets stored as surface water storage, which is considered to be the primary driving force in the system. Snowmelt rate is accelerated by air temperature. The interactions among the different processes that are shown in positive and negative signs marked near the arrowheads in Fig. 4 represent the positive or negative relationships between the first variables and the following ones. Loop [1] shows the input of water from surface water storage to the soil system. Water infiltrates to the upper soil layer (peat layer), which increases the amount of water in the layer. With increased soil moisture, the infiltration capacity of the soil decreases, which further limits water entry to the peat layer. During snowmelt, soil defrosting results in an increase in the infiltration capacity of the peat layer. Loop [2] describes the evapotranspiration process in the peat layer. An increase in the water content of the peat layer results in increased evapotranspiration, which in turn decreases the peat layer storage. Loop [3] represents the moisture dynamics in the till layer. An increase in peat moisture increases till infiltration. Consequently, an increase in till moisture content results in decreased infiltration capacity of the till layer, which thereby causes a decrease in the water inflow to the till layer. Loop [4] illustrates the effect of suction in the till layer. An increase in the peat moisture content reduces the suction pressure in the peat layer, which leads to a situation where more water moves downward into the till layer. However, an increase in the till moisture content reduces the suction pressure in the till layer, which further limits additional water influx to the till layer. The infiltration capacity of the till layer is also increased when the soil is defrosting during the snowmelt process. Loop [5] provides an explanation of the evapotranspiration process in the till layer and is analogous to Loop [2] . Loop [6] explains the interflow from the till layer. Once saturated, the till layer releases excess water as interflow, hence there is a decrease in water content of the till layer. Loop [7] demonstrates the moisture dynamics within the shale layer, which is similar to that of Loop [3] . Loop [8] operates like Loop [4] , where the role of suction in the shale layer is highlighted. Loop [7] and Loop [8] are not directly affected by soil defrosting. The whole system has an open loop, which ends in overland flow. Any excess water from the system is represented by overland flow or surface runoff, which further contribute to channel flow.
MODEL FORMULATION AND DEVELOPMENT

Surface water storage
Precipitation falling as snow accumulates in a storage called surface water storage. In the case of snow, the snowmelt rate is calculated using the degree-day factor (Anderson, 1976) . The daily snowmelt can be represented mathematically as:
where M is the daily melt (mm/d), T a is the air temperature (°C), T b is the base melt temperature (°C), and ρ s is the snow density (kg/m 3 ). Water accumulated in this storage is released to the peat layer and as overland flow, which are discussed in the following sections. Mathematically, the change in the surface water storage (S SW ) can be expressed as:
where S SW is the surface water storage (mm), I represents the precipitation (mm/d) (which can be in the form of either snow or rainfall), f P is the infiltration rate to the peat layer (mm/d), and O F corresponds to overland flow (mm/d) (Jutla, 2006) .
Peat layer storage
Infiltration from the surface, evapotranspiration, and downward water movement to the underlying till storage are the main factors that affect moisture change in the peat storage. The change of storage in the peat layer can be represented as follows:
where S P is the peat storage (mm), f T is the rate of downward movement of water into the till layer (mm/d), and ET P is the evapotranspiration rate from the peat layer (mm/d). Before soil saturation, water infiltrates directly through the peat layer (Voinov et al., 2004) . In this case, the infiltration rate of the peat layer is equal to the rainfall intensity. If the layer becomes saturated or the rainfall intensity exceeds the saturated hydraulic conductivity of the peat, then the infiltration is governed by the Green-Ampt equation. The infiltration capacity (rate) is estimated based on total infiltration volume and takes the following form:
where K sP is the saturated hydraulic conductivity of the peat layer (mm/d), M P is the initial moisture deficit (mm), θ sP is the porosity or the saturated moisture content of the peat layer (%), θ iP is the initial moisture content (%), ψ P is the suction pressure head in the peat layer (mm), and F P is the cumulative volume of infiltration in the peat layer (mm). This model applies to infiltration into unfrozen soil. There have been attempts by various scientists (Gray et al., 1985 (Gray et al., , 2001 Zhao & Gray, 1999) to simulate snowmelt infiltration into frozen soils. The literature suggests that some methods are available for quantifying infiltration; however, such methods are data intensive and require much information about the soil properties during frozen conditions. The sensors used for the measurement of soil moisture at the study research site do not operate well in frozen conditions (Boese, 2003) ; hence it was decided to follow a simple parametric approach, which is described in the following section. Li & Simonovic (2002) used an empirical approach for estimating snowmelt infiltration, which states that the infiltration into frozen soils is affected by both the temperature fluctuations and the length of time the temperature stays above and below the active temperature (0°C). As a result of the phenomenon of temperature fluctuation, the soil thaws and refreezes. Most hydrological models either ignore snowmelt infiltration, use a data-intensive approach to estimate infiltration into frozen soils, or decrease the normal infiltration using a calibration parameter (Su et al., 1999) . The SDW model assumes that the soil is thawing exponentially with positive air temperature accumulation. However, soil will refreeze if the temperature drops below 0°C for a number of days. The active temperature accumulation will be lost and will start again from 0°C (Li & Simonovic, 2002) . Snowmelt infiltration is calculated using the set of formulae given in equation (6). Accordingly, the infiltration rate, f P , is multiplied by a coefficient, C tP , to estimate infiltration into frozen soil: where T Imax (°C) is a maximum T I point at which the surface soil is fully thawed, c i (dimensionless) is an exponent for describing the influence of T I on soil defrosting, N (days) is the number of continuous days with temperature below the active point, N n is a maximum N after which T I will be lost and the surface soil will refreeze again, and N o is a logical variable to identify the day in which the temperature is higher or lower than the active (positive) air temperature. The sums in equation (6) indicate that the model accounts for the accumulation of positive temperature as well as the accumulation of number of days in which the temperature falls below zero. The two parameters in equation (6), c i and T Imax , are estimated during the calibration process.
The actual evapotranspiration from the peat layer (AET P ) is estimated using empirical formulations (Li & Simonovic, 2002 ) that take explicit account of the available soil moisture and air temperature. These formulations can be expressed as:
where AET P is in mm/d, c P is the evapotranspiration constant (mm/d°C) from the peat layer and is determined during calibration, S mP is the effective moisture saturation in the peat layer (dimensionless), λ is an exponential coefficient estimated while calibrating, S nP is the maximum water storage (mm) in the peat layer, and S rP is the minimum storage (residual moisture content) that can be attained. S rP and S nP are calculated using the soil water characteristic curve for the peat layer (Boese, 2003; Jutla, 2006) . As emphasized by Singh (1988) , soil moisture remains an integral part in the calculation of actual evapotranspiration. It is suggested that, for a small watershed, AET should be calculated using a method that accounts for climatic, crop, and soil variables under suitable ranges of soil moisture regimes (Saxton, 1982) . The conventional equations (Penman and Bowen ratio, explained later) for calculating evapotranspiration from the peat layer were also considered. However, the empirical formulae (equations (7) and (8)) for evapotranspiration resulted in better simulation results (Jutla, 2006) . It can be interpreted that the empirical formula takes the available soil moisture into account, which indicates less evapotranspiration when moisture is less and the soil matric suction pressure is higher. A similar conclusion has been provided by . It was concluded that AET estimation using parametric equations ( (7) and (8)) is appropriate in semi-arid regions where soil moisture could be a limiting factor for evapotranspiration. This type of approach has been taken by Voinov et al. (2004) , and Saysel & Barlas (2001) , who used parametric equations to model complex natural systems and obtained encouraging results. Models built within an SD approach work better with empirical formulations since the empirical formulations dynamically link different components of the system together (e.g. soil moisture and evapotranspiration). Moreover, Forrester (1980b) unambiguously concluded that "empirical evidence is the driving force for delineating the microstructure of the SD model and for verifying its behaviour, although the information concerning behaviour and that concerning the micro-structure in experience may reside in historical data."
Till layer storage
Moisture movement in the till layer depends on the moisture conditions in the overlying peat layer, soil suction in the peat and till layers, soil temperature of the till layer, evapotranspiration from the till layer, and percolation to the underlying shale layer. The mathematical relationship expressing the moisture dynamics of the till layer storage (S T ) is represented as:
where I n is the interflow rate (mm/d), f S is the shale percolation rate (mm/d), and AET T is the evapotranspiration rate from the till layer (mm/d). There is no movement of water from the peat layer to the till layer if the moisture content in the peat layer is less than the wilting point. In the summer, when the soil temperature of the till layer is greater than 0°C, water will move down from the peat layer to the till layer following the Green-Ampt equation in the case of a fully saturated soil. The formulations are similar to equations (4) and (5), with the subscript T (for till) replacing P (for peat).
The peat layer will release water only when the moisture content in the peat layer is greater than the residual moisture content. In the case of saturated till layer, the maximum rate at which water can be absorbed by the till layer will correspond to the saturated hydraulic conductivity of the till layer. Otherwise, the following logic will apply:
if ( (10) is an empirical equation that can be written as:
where f T is the rate of the downward water movement into the till layer (mm/d), I cT is the coefficient of downward water movement into the till, which is determined during the calibration of the model, and Δt is the solution time interval. The equation works on a simple principle, which states that the moisture redistribution from the peat to the till layer is strongly dependent on the moisture contents in both layers. Under frozen conditions, the same concept follows in the peat layer, i.e. equation (6) is replicated for the till layer to estimate C tT , the coefficient of downward water movement into the till under frozen conditions. The only difference is that the air temperature in equation (6) is replaced by the temperature of the peat layer. Actual evapotranspiration from the till layer (AET T ) is treated in the same way as that in the peat layer and is computed using equations similar to equations (7) and (8), where the subscript T (for till) replaces P (for peat). There will be no loss of moisture through evapotranspiration if the moisture level in the till layer is below the wilting point. The AET T from the till layer is computed only when the soil temperatures of the peat and till layers are greater than 0°C.
Modified evapotranspiration equation
Even though equation (7) (similar to that adopted by Li & Simonovic, 2002) provides satisfactory results, it is often argued in the hydrological literature that net radiation plays an important role in calculating evapotranspiration (Saxton, 1982) . Equation (7) does not have any radiation term associated with it. The equations make use of temperature and soil moisture to compute the AET. However, the literature also suggests that evapotranspiration models that are based on both temperature and radiation tend to be more efficient than others (Oudin et al., 2005) . A modified equation for calculating the evapotranspiration is proposed in this paper:
where AET is the actual evapotranspiration rate (mm/d), c and λ are calibration parameters, S t is the soil moisture at any time (mm), S n is the maximum possible soil moisture (mm), S r is the residual moisture content (mm), and T is the temperature of the overlying layer. The above equation is a combination of radiation, temperature, and soil moisture. The equation was tested against the data available from the Eddy Covariance method. The results obtained from equation (15) The model takes into account the possibility of exceedence of calculated actual evapotranspiration to the potential evapotranspiration in cases of unlimited soil moisture. At each time step, the model computes the ratio R a , which is the percent of actual evapotranspiration from the peat layer to the total actual evapotranspiration:
If the product of R a and potential evapotranspiration (equation (13)) is less than the simulated AET P, then the model uses the product of R a and potential evapotranspiration to estimate actual evapotranspiration from the peat layer. Similarly, in the till layer, if the computed AET T is more than the product of (1 -R a ) and the potential evapotranspiration, then the model discards the computed AET T value and calculates the actual evapotranspiration from the till layer using the product of (1 -R a ) and the potential evapotranspiration. The till layer is responsible for interflow occurring in the watershed. Interflow (I n ) from the till layer is estimated as follows:
where D T is the depth of the till layer (mm) and C i is the interflow coefficient determined during the calibration of the model. Interflow will occur only if the temperature of the till layer is greater than 0°C and the till layer is fully saturated. If the temperature of the peat layer is less than 0°C and the soil temperature of the till layer is greater than 0°C, then interflow is computed by multiplying the interflow coefficient by the rate of water available in the till storage (mm) above the saturation level. When the peat layer freezes in early winter, the moisture content in the till layer may decrease, while there is no increase in the moisture content in the lower (shale) layer or upper (peat) layer. The only way water can be lost from the till layer is through interflow. It can be interpreted that the till layer may lose some water as interflow at the onset of the winter season. This fact is not verified by field measurements; hence its validity is arguable at this point. Further field investigations are required to understand the physics and the timing of the interflow process (Jutla, 2006) .
Shale layer storage
Moisture change in the shale storage depends on percolation from the till layer. The moisture movement in shale storage (S S ) can be represented as:
where f S is the rate (capacity) of downward water movement into the shale layer in mm/d. Water will percolate from the till layer to the shale layer following the GreenAmpt equation in the case of a fully saturated soil. The formulations are similar to equations (4) and (5), with the subscript S (for shale) replacing P (for peat).
The till layer will release water only when the moisture content in the till layer is greater than the wilting point moisture content in the till layer. In the case of a saturated shale layer, the maximum rate at which the water can be received by the shale layer will correspond to the saturated hydraulic conductivity of the shale layer. Otherwise, the following logic will apply: 
where I cS is the coefficient of shale percolation and is determined during calibration of the model, and θ S is the moisture content in the shale layer.
Overland flow
Overland flow is estimated after satisfying the soil moisture demand. Since the model structure uses reservoir-based mechanisms to simulate the different hydrological processes, water in excess of the infiltration capacity of the peat layer is directed as overland flow (O F ) in the summer. During frozen conditions, part of the available water from both rainfall and snowmelt infiltrates into the frozen soil (equation (6)), while the remaining portion contributes to overland flow. In the summer, the overland flow occurs only when the peat layer becomes saturated and is computed as follows:
where O F is in mm/d.
CALIBRATION AND VALIDATION
The description of the model structure and formulation shows that the SDW model is a combination of process-based and empirical formulations, minimizing the number of parameters that need to be calibrated. Calibration of watershed models is generally conducted by comparing and analysing observed and simulated streamflow data (Singh, 1988; Ambroise et al., 1995) . Lumped models, such as the SDW model developed in this study, use various storages for simulating the water balance (Ye et al., 1997) . Movement of water from one storage to another is usually defined by a threshold principle, such as the maximum amount of water that the soil can store. Such models are difficult to calibrate using streamflow data time series alone because the exceedence of the threshold may not occur for certain conditions, such as for soils with high porosity or under dry climatic conditions. In such cases, the model parameters obtained using streamflow data do not necessarily represent the true conditions of the internal watershed processes. The hydrological literature reports only a few instances where calibration of watershed models has been conducted using multiple observed variables (Wooldridge et al., 2003) . The developed SDW model is a nine-parameter model and has been calibrated by minimizing the root mean squared error (RMSE) and the mean absolute relative error (MARE). The equations for estimating the RMSE and the MARE are provided below:
where O i is the observed data at every time step, S i is the simulated value, and n is the total number of data points. The RMSE and the MARE are computed for the soil moisture variables of both peat and till layers individually. Furthermore, an overall performance of the model in simulating peat and till layer moisture is calculated using equation (21):
where OP is the overall performance, S SP and S ST are simulated peat and till layer moisture, respectively, and O SP and O ST are observed peat and till layer moisture, respectively. Moreover, the simulated cumulative AET over the growing season has been compared to the AET measured using the Eddy Covariance System set up on the site. Even though most of the surface runoff occurs during the spring snowmelt, the simulated surface runoff (overland flow) has also been compared to the observed overland flow to ensure that the SDW model is capable of simulating the various hydrological processes occurring in the reconstructed watersheds. The calibration was performed by setting individual parameter values and executing a series of simulations. This process was repeated (trial and error) until no further improvement in the values of the RMSE, MARE, OP, and the visual match between simulated and observed AET, could be attained by changing the parameter values.
APPLICATION AND RESULTS
In this study, 2001 was used for calibrating the model, while 2002 was used for validation purposes. The values for the calibration parameters for the three subwatersheds are given in Table 1 . A summary of the model performance with regard to the simulated soil moisture is provided in Table 2 . Given the dynamic nature of the watershed, the performance of the model as indicated by the values of MARE and RMSE in Table 2 is both practical and satisfactory. volumetric moisture content with good accuracy. It should be noted that even the time domain reflectometry (TDR) measured volumetric moisture content is not error free. Walker et al. (2004) have shown that such values can be inflicted with up to ±2.5% Volume/Volume of uncertainty. In light of such an inevitable uncertainty, the simulated values are judged to be very accurate. Sub-watersheds D2 and D3 provide similar results but graphs are not presented here, for brevity. However, results for all three sub-watersheds are provided in Table 2 . Figure 7 is a strong indicator that the surface runoff occurs mainly during the snowmelt period. Summer runoff is a rare event in such a semi-arid area where the topsoil is peat-mineral mix with saturated hydraulic conductivity of 17 cm/h. The SDW model captures surface runoff due to snowmelt reasonably well. (7)) and the modified equation (equation (11)) are shown. The graph reassures that the modified equation for AET developed in this study that includes a radiation term provides better results.
The results presented in Table 2 show that the model performance with regard to the sub-watersheds D1 (50 cm) and D3 (100 cm) is quite comparable relative to the performance with regard to sub-watershed D2 (35 cm). The thinnest soil cover of D2 represents a highly dynamic system that is "flashier" in its response to rainfall compared to the other thicker covers. The MRE and RMSE values are higher for subwatershed D2 as compared to those for D1 and D3. Sub-watershed D2 has shown signs of wetting and drying quickly, and sometimes unexpectedly, compared to D1 and D3. However, the deviations of the simulated results compared to the observed values are in magnitude but not in trend . 
DISCUSSION
The watersheds were constructed in 1999 (Boese, 2003) ; hence it is expected that large changes in the soil properties (e.g. porosity, hydraulic conductivity) will have occurred during the year 2000. Such an expectation was corroborated by the measured field values of saturated hydraulic conductivity for three years (Table 3) A final and an important aspect of the reconstructed watersheds is to be noted in this section. In 1999 there was absolutely no vegetation on the reconstructed watersheds. However, beginning in year 2000, the watersheds have been going through geomorphological and hydrological changes due both to vegetation growth (Jutla et al., 2006), which inevitably leads to a change in the evapotranspiration dynamics, and also to subsidence and freeze-and-thaw cycles (Chamberlain & Gow, 1979; Benson et al., 1995) , which lead to changes in the infiltration and moisture movement dynamics. For optimum simulation of the hydrological processes over multiple years, the model parameters need to be changed in every simulation year to adapt to the watershed evolution. The changes in the parameter values are expected to cease when the reconstructed watersheds stabilize. More details on this concept are provided in Jutla et al. (2006) , while the concept is still subject to further investigations to study its effects on various other issues of watershed modelling that are considered out of scope for this paper.
The system dynamics approach, along with the visual object-based simulation environment provided by STELLA, allowed for combining both the perception-based and measurement-based approaches to formulate and develop the SDW model. Such a simulation approach has a notable potential for hydrological modelling in general, and for watershed simulation in particular. In situations similar to the reconstructed watersheds considered in this study, complete understanding of the hydrological processes and their interaction is not readily available. An approach that can accommodate and encapsulate the available mechanistic knowledge along with logical, qualitative, and empirical formulations is needed. The model constructed can be executed and simulated results can be verified against measured or expected results, and subsequently, the model structure and parameters can be modified until the desired behavioural model is achieved.
The developed SDW model can play a vital role in the decision-making process with respect to the best reclamation strategies to be adopted by the oil sands industry. The utility of modelling using the SDW model for directing the field instrumentation programmes has been shown and reported by Elshorbagy (2006) . Assessment of the long-term hydrological performance of the reconstructed watersheds and the comparative performance of the sub-watersheds are among the uses of the developed model. The results are being reported in separate publications (e.g. Elshorbagy & Barbour, 2007) .
CONCLUSIONS
A system dynamics watershed (SDW) model for simulating the hydrological processes on reconstructed watersheds on a daily basis was developed in this study. The developed model is a conceptual lumped watershed model that combines both physically-based and empirical formulations within a visual object-based simulation environment (STELLA in this study). The model was successfully calibrated and validated; the results showed that the SDW model is capable of simulating the various hydrological processes (soil moisture, evapotranspiration, and runoff) with good accuracy. The fact that the performance of the SDW model was assessed with respect to multiple processes increases the level of confidence in the model as a behavioural model. The model can be used to assess the short-and long-term hydrological performance of the reconstructed watersheds under various climatic scenarios. This qualifies the developed SDW model as a useful decision-aid tool for the oil sands industry.
